Cells produce two cholesteryl ester transfer protein (CETP) isoforms, full-length and a shorter variant produced by alternative splicing. Blocking synthesis of both isoforms disrupts lipid metabolism and storage. To further define the role of CETP in cellular lipid metabolism, we stably overexpressed full-length CETP in SW872 cells.
INTRODUCTION
6 count per well. Assay aliquots typically reflected the amount of media conditioned by ~6 x 10 5 cells.
Normalized aliquots of conditioned media were also concentrated 8-fold by cold acetone precipitation, then applied to 4-20% SDS PAGE gels (Lonza, Rockland, ME). Cells were lysed by passage through a 26-gauge needle, centrifuged at 1000 x g for 10 min, and the supernatant (25 µg protein) fractionated by electrophoresis.
After transfer to polyvinyldiene fluoride membranes, CETP was detected by TP2 antibody (13) . Clones overexpressing CETP were designated as CETP + cells. Trypsinized CETP + cells adhered less efficiently when passaged but had the same growth rate as vector-transfected control cells after 2 days in culture.
CETP-deficient SW872 cells, prepared as previously described (14) , were used in select experiments.
Oleate incorporation into TG and its precursors -Cells were washed with PBS and incubated in OptiMEM To measure the transfer of newly synthesized TG to lipid droplets, cells were incubated as described above, washed and then suspended in 500 µl cold hypotonic lysis buffer (10 mM Tris-HCl, pH 7.4, 1 mM EDTA, 10 mM sodium fluoride, 200 mM sucrose and EDTA-free protease inhibitor cocktail (Roche Applied Science (Indianapolis, IN)) containing 300 µM diethylumberylferyl phosphate (Sigma-Aldrich Corp.). After 20 min, cells were homogenized by 10 strokes with a motor-driven Kontes pellet pestle (Sigma-Aldrich Corp.).
Cell homogenates were centrifuged at 2000 x g for 10 min, and the resulting supernatant was centrifuged at 100,000 x g for 1 hr to yield a lipid droplet-rich fraction at the top and endoplasmic reticulum-enriched fraction at the bottom of the tube. Lipids in these fractions were extracted (21) and separated by thin layer chromatography as above.
TG hydrolysis -To determine the rate of TG turnover, cells were incubated in growth media supplemented with 200 µM 3 H-oleate/BSA for 24 hr to label the cellular TG pool. The cells were washed with warm media, then either harvested (t=0) or incubated for the indicated times in media containing 100 µg/ml HDL and 0.1%
BSA in the presence of 10 µM triacsin C (Sigma-Aldrich, Corp.), a fatty acyl-CoA synthetase inhibitor. Cells were harvested, and lipids extracted (21) and fractionated by thin layer chromatography as described above.
Fatty acid uptake -Cells were incubated in media containing 200 µM 3 H-oleate/BSA for the indicated time.
At each time point the cells were washed with cold PBS, released from the dish by trypsin, washed 3 additional times with cold PBS and solubilized in 0.1N NaOH. The 3 H-content was determined by scintillation counting.
Lipid droplet staining -Cells were cultured on glass cover slips in 12-well plates. At 70% confluence, 100
µM oleate/BSA was added and the cells incubated for 24 hr. Cells were fixed using 4% formaldehyde then stained for 15 min with 200 ng/ml BODIPY 558/568 C 12 in PBS. The coverslips were applied using DAPYcontaining mounting solution. Cells were visualized by confocal microscopy and lipid droplet size and number determined by ImagePro software (Media Cybernetics, Silver Spring, MD). The cellular distribution of CETP was also determined by western blot of cell fractions. Lipid loaded cells were lysed in hypotonic media as described above. The homogenate was centrifuged for 10 min at 2000 x g at 4°C. Supernatant aliquots containing equal protein (22) were centrifuged at 100,000 x g for 1 hr to yield lipid droplet (top), cytosolic (remaining supernatant) and endoplasmic reticulum-containing (pellet) fractions.
Fractions were adjusted to the same volume using lysis buffer and equal volumes were loaded on 4-20% SDS PAGE gels. Western blots for CETP (TP2 antibody) and calreticulin (Sigma-Aldrich Corp., St. Louis, MO) were performed as previously described (13) .
Perilipin western blots -Confluent control and CETP + cells were grown in media with or without 200 µM oleate/BSA for 48 hr. The cells were washed three times with PBS, harvested in hypotonic lysis buffer and incubated on ice for 30 min with frequent vortexing. Cells were passed 10 times through a 26-gauge needle then spun at 1000 x g for 10 min. Supernatants were collected, their protein content determined (22) , and aliquots containing equal protein were spun at 100,000 x g for 1 hr. The entire supernatant containing cytosol and lipid droplets was collected. Equal volumes of each sample were cold acetone precipitated and separated on 4-20% SDS PAGE gel. The levels of perilipin 1, 2 and 3 were determined using 1/2000 dilutions of rabbit anti-human antibodies against PLIN1 (Sigma), PLIN2 or PLIN3 (ThermoFisher Scientific, Middletown, VA)
by guest, on October 30, 2017 www.jlr.org
Downloaded from
followed by horseradish peroxidase-conjugated secondary antibody.
Diacylglycerol acyltransferase (DGAT) activity -Cells were lysed by sonication and centrifuged at 25,000 x g as previously described (23) . Microsomes were isolated from the resultant supernatant as the 100,000 x g pellet. DGAT activity was measured using [ 14 
RESULTS

Perturbed TG storage in CETP overexpressing cells
To examine the role of full-length CETP in cellular lipid metabolism, we created SW872 transfectants that stably overexpress this protein. Three clones secreting 2-to 3.4-fold higher CETP activity compared to control cells were isolated ( Figure 1A) . Increases in media CETP activity closely mirrored CETP mass ( Figure 1B) .
The apparent molecular weight of CETP depends on its glycosylation status (6) . CETP secreted by all cells was identical in molecular weight to CETP isolated from human plasma ( Figure 1B To determine if the smaller lipid droplets in CETP + cells were associated with changes in the expression of lipid droplet protein genes, we measured the mRNA levels of perilipins (PLINs) 1, 2, and 3. Oleate treatment of control cells caused a small increase in PLIN1 and PLIN3 mRNA, but a 6-fold increase in PLIN2 expression ( Figure 3A) . In contrast, in oleate treated CETP + cells PLIN1 and PLIN2 expression were much lower than that in oleate-treated control cells but PLIN3 expression was increased more than 4-fold. These mRNA levels also correlate with the cellular levels of PLIN proteins. In the presence of oleate to stimulate lipid droplet formation, only PLIN2 increased significantly in control cells, whereas only PLIN3 was increased by oleate in CETP + cells ( Figure 3B ). Oleate treated CETP + cells contained markedly less PLIN1 and PLIN2 than oleatetreated control cells, but more PLIN3.
Differentiation status of CETP + cells
During adipogenesis, CEBPβ, PPARγ and CEPBα genes are expressed sequentially, leading to upregulation of pathways involved in TG synthesis and storage. The absolute levels of these transcription factors can vary >10-fold during differentiation, whereas the expression of these genes relative to each other is indicative of differentiation status (26, 27) . We initially considered that the reduced TG content of CETP + cells might occur because the differentiation status of these cells has been altered. Although we observed differences in the mRNA levels for some of genes, these differences were small compared to the natural variation of these genes during differentiation (Figure 4 ). For native SW872, vector control, and CETP + cells, the expression of these transcription factor genes followed the same order -CEBPβ > PPARγ > CEBPα. The expression of SREBF1, a master regulator of lipid synthesis was unchanged and the expression of
PPARγ target genes such as PNPLA2, FASN, and APOE (28, 29) was not different in CETP + cells ( Table 2) .
SCL2A4 and FABP4 levels were reduced by about half. Overall, these data suggest that the differentiation status of CETP + cells is very similar to that of control cells.
Triglyceride metabolism in CETP + cells
The To investigate a mechanistic basis for the lower TG synthesis in CETP + cells we traced the initial movement of 3 H-oleate through the TG biosynthetic pathway. In control cells, TG synthesis was nearly linear over the study time course (Figure 5A ). Diglyceride (DG) levels and phosphatidic acid levels were consistently low, although in some experiments DG levels were high at 1 min and declined quickly thereafter.
Lysophosphatidic acid levels tended to increase over the time course, although in some experiments this increase was smaller than shown here. In contrast, in CETP + cells the production of TG lagged initially and remained lower at the latest time point. On the other hand, DG levels were much higher than in control cells at all time points ( Figure 5B Figure 6B ).
Fatty acid uptake
Another potential mechanism for the reduced TG content of CETP + cells is impaired fatty acid uptake.
When quantified, we found that oleate uptake by CETP + cells was, on average, 24% lower than in control cells (Figure 7) . One mechanism for fatty acid uptake is through the CD36 scavenger receptor (30 
Cellular localization of CETP
We previously suggested that one of the functions of intracellular CETP might be the interorganelle transfer of lipids, giving it a possible direct role in lipid droplet formation (14) . Such a function requires that at least a portion of cellular CETP be in the cytoplasm where it can perform this transfer function, instead of being in the endoplasmic reticulum lumen -the expected location for a protein in the secretory pathway. We took advantage of the higher intracellular CETP levels in CETP + cells to investigate the location of CETP in cells.
Confocal imaging showed that CETP is widely distributed within cells ( Figure 8A ) with a cellular distribution similar to that of the endoplasmic reticulum protein, calnexin ( Figure 8B ). While there is considerable colocalization of CETP with the endoplasmic reticulum, in peripheral areas where lipid droplets are abundant CETP immunofluorescence greatly exceeded that of the endoplasmic reticulum marker ( Figure 8C ). This suggests that some CETP may not be associated with endoplasmic reticulum in this region.
In plasma, almost all CETP is bound to lipoproteins (32, 33) even though during lipid transfer it carries lipids between lipoproteins (34, 35). This suggests that any CETP released from the endoplasmic reticulum into the cytoplasm might be membrane bound. Since lipoprotein-bound CETP is dissociated by centrifugation (36), we reasoned that CETP not contained within the endoplasmic reticulum lumen can be identified by cell fractionation studies. Lysed cells were centrifuged to yield an endoplasmic reticulum-containing membrane fraction, cytosol and lipid droplets. Calreticulin, a soluble endoplasmic reticulum luminal protein, was used to verify the integrity of the endoplasmic reticulum. Regardless of oleate treatment, most CETP was associated with the endoplasmic reticulum membrane fraction ( Figure 8D ). However, a subfraction of CETP was found in the cytosolic fraction under conditions where calreticulin was detected only in the membrane-rich fraction.
Moreover, when cells were pretreated with oleate to stimulate lipid droplet formation, a small CETP pool was also found in the lipid droplet fraction. Collectively, these immunolocalization and cell fractionation studies
show that most cellular CETP is associated with the endoplasmic reticulum but a portion of intracellular CETP show that the absolute and fractional hydrolysis rates of lipid droplet TG are elevated in cells overexpressing CETP.
Effect of CETP overexpression on cholesterol metabolism
The reduced TG content of cells overexpressing CETP mirrors the decreased TG content of cells with low CETP expression (14) . Since CETP deficient cells also have significant alterations in cholesterol metabolism, we investigated the effect of CETP overexpression on CE levels and CE synthetic rates in oleate treated cells. CETP + cells had 31% lower CE content compared to control cells even though the CE synthetic rate was 50% higher ( Table 3) . This paradoxical observation is explained by the markedly elevated hydrolysis of the CE pool in CETP + cells (Table 3) . Thus, CETP + cells have elevated CE synthesis but also increased degradation leading to reduced CE content. This differs from CETP deficient cells, which have elevated CE content (13, 14) , decreased CE synthesis (0.12 ± 0.05 nmol/mg protein/hr (n=4), p=0.04 versus control (Table 3) ) and impaired CE hydrolysis (14) . In addition to altering CE levels and the dynamics of this lipid pool, CETP overexpression also altered genes involved in sterol homeostasis. Compared to control cells, HMGCR mRNA levels were increased more than 2-fold in CETP + cells (Table 3 ) but unchanged in CETP deficient cells (0.90 ± 0.18 relative units).
However, mRNA levels for the intracellular cholesterol transporter ABCG1 (37) were profoundly decreased in both CETP + (Table 3) and CETP deficient cells (0.14 ± 0.04 relative units). Together, these findings show that CETP overexpression induces a unique cholesterol phenotype. 
DISCUSSION
We previously reported that chronic inhibition of both CETP isoforms in SW872 cells disrupted cholesterol homeostasis, increased CE content and decreased TG content. These changes were associated with decreased hydrolysis and release of these lipids from lipid droplets under conditions stimulating efflux and the inefficient transport of CE and TG from the endoplasmic reticulum to lipid droplets (14) . In vitro, we demonstrated that CETP can promote this interorganelle lipid movement, suggesting that the inefficient transport of CE and TG in CETP-deficient cells was directly related to reduced CETP levels.
To further understand the involvement of CETP in cellular lipid metabolism we investigated the effects of overexpressing one of the two CETP isoforms present in cells. Stable cell clones synthesizing 2-to 3.4-fold more full-length CETP than control were produced. These elevated levels are within the range of enhanced CETP secretion that occurs when SW872 and CaCo2 cells are treated with acetylated LDL (13), or when animals consume cholesterol-enriched diets (38) . All three clones isolated were defective in their ability to store TG, accumulating ~40% less TG regardless of CETP overexpression level. Lipid droplets that accumulated in cells overexpressing CETP were much smaller but as numerous as those in control cells.
Reduced TG storage and smaller lipid droplets are also seen in vivo in the adipocytes from CETP transgenic mice expressing the transgene under control of an adipose tissue-specific promoter (15) . Collectively, these data suggest that decreased TG content is a common phenotype induced when CETP expression is increased.
Our data suggest two likely causes for the reduced TG content of cells overexpressing CETP. First, the flux of fatty acid through the TG biosynthetic pathway is reduced. Although phospholipid synthesis was increased in CETP + cells, which diverts DG for phospholipid instead of TG synthesis, this pathway is quantitatively small and, therefore, does not explain the reduction in TG synthesis. Further, CETP + cells have impaired conversion of diglyceride to TG. mRNA levels for the enzymes responsible for this conversion, DGAT1 and DGAT2, are decreased up to 60%, however direct assay of total cellular DGAT activity did not reveal any decrease. CD36 is a plasma membrane receptor that binds multiple ligands including fatty acids (30, 39 (42, 43) . In this context, the elevated phosphatidylcholine synthesis observed in CETP + cells may also contribute to the formation of small-sized lipid droplets in these cells.
Phosphatidylcholine synthesis stabilizes the lipid droplet surface and decreases lipid droplet growth by fusion, resulting in smaller lipid droplets (44) . Collectively, these results suggest that full-length CETP overexpression does not interfere with mechanisms involved in lipid droplet initiation but it does interfere with their maturation to larger lipid-filled structures. Whether enhanced TG catabolism causes lipid droplets to be small, or whether TG catabolism is elevated because small lipid droplets are inherently more metabolically active remains to be determined.
Although both full-length CETP over expression and the simultaneous suppression of full-length and exon 9-deleted CETP synthesis (14) cause cells to accumulate less TG, the effect of these manipulations on CE metabolism were different. Cell with reduced CETP expression contain high CE levels, which resulted from elevated CE synthesis and reduced CE hydrolysis (14) . Conversely, we observed that cells overexpressing full-length CETP contain less CE. This reduction is largely due to a 2.5-fold increase in the catabolism of CE.
Thus, the effects of CETP over or under expression on CE levels are opposite and largely explained by the different effects these two conditions have on CE hydrolysis rates.
Subsequent to synthesis, TG and CE must move from the endoplasmic reticulum to the lipid droplet for storage. Several mechanisms for this process have been proposed (43) . According to a prevailing model, nascent lipid droplets form by budding of the cytoplasmic face of the ER membrane, and then mature in the cytoplasm either by fusion of small droplets or by the transfer of lipids into existing nascent droplets (41, (45) (46) (47) (48) . The relative contribution of these two processes to lipid droplet growth is unknown, but there are instances where lipid transfer predominates (41, 42, 47) . Multiple proteins appear to be involved in the recruitment of TG into lipid droplets in adipocytes, such as FIT2 and FSP27 (49, 50) . We propose in CETPexpressing species that CETP also participates in this process, and our previous studies in CETP-deficient cells support this hypothesis (14) . Our findings here show that CETP overexpression did not enhance the rate of TG transfer to lipid droplets, suggesting that endogenous CETP levels are sufficient for this process to occur. We also found that intracellular CETP is distributed throughout the cell. Much of this CETP appears to associate with the endoplasmic reticulum, consistent with a previous observation that intracellular CETP is susceptible to endoglycosidase H digestion (6). However, a CETP pool not associated with the endoplasmic reticulum is present in the cellular region where lipid droplets accumulate. This may be the pool of CETP we determined to be cytosolic in cell fractionation studies. Although the mechanism for CETP release into the cytoplasm is unknown, the escape of other endoplasmic reticulum luminal proteins to the cytoplasm has been reported (51) (52) (53) . Notably, just like CETP, several of these proteins bind to plasma lipoproteins. Perhaps their amphipathic nature is involved in the release mechanism.
CETP expression is upregulated early in adipocyte development (54, 55) . Additionally, the relative abundance of full-length and exon 9-deleted CETP mRNAs is variable and tissue-specific (6) . These data suggest that the level of CETP and the ratio of its isoforms reflect specific cellular needs. The data reported here show that overexpression of full-length CETP in SW872 adipocyte-like cells produces a unique lipid metabolic phenotype where TG and CE levels are reduced and cells accumulate small lipid droplets. The reduction in TG results from at least two factors, reduced synthesis, most likely from impaired fatty acid uptake, and enhanced turnover of lipid droplet TG. We hypothesize that overexpressing full-length CETP interferes with normal processes that couple TG homeostasis with the maturation of nascent lipid droplets. As a result, these cells continue to produce nascent lipid droplets normally but these droplets are under filled due to underlying disruptions in TG synthesis and degradation. It is notable that both the overexpression of full-length CETP reported here and the suppression of both full-length and exon 9-deleted CETP isoforms (14) After washing in oleate-free media, cells were incubated in media containing 100 µg/ml HDL, 0.01% BSA and 
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